Although there have been a numerous number of studies on mathematical model of hot metal desulfurization by deep injection of calcium carbide, the research field as a whole is not well integrated. This paper presents a model that takes into account the kinetics, thermodynamics, and transport processes to predict the sulfur levels in the hot metal throughout a blow. The model could be utilized to assess the influence of the treatment temperature, rate of injection, gas flow rate, and initial concentration of sulfur on the desulfurization kinetics. In the second part of this paper an analysis of the industrial data for injection of calcium carbide using this model is described. From a mathematical model that describes the characteristics of a system, it is possible to predict the behavior of the variables involved in the process, resulting in savings of time and money. Discretization is realized through the finite difference method combined with interpolation in the border domain by Taylor series.
Introduction
Desulphurization of iron from the blast furnace is a wellestablished technology. There have been many studies on the desulfurization of hot metal and steel by injection of powdered agents in the literature [1] [2] [3] [4] [5] [6] [7] . The desulfurization treatments based on the injection either of mixtures of various powders or previously melted slags aim to promote partial sulfur removal in the reactor, where the reactant powder agent rises to the surface, gets dispersed in the melt, or gets attached to the bubble-metal interface.
As customers increase requirements for steel quality, plants need practices that will help them remove sulfur faster and at lower cost. One important factor in the cost of a particular process is the reagent consumption to reach the aimed at sulfur content. Among the different reagents used, calcium-carbide-based reagents and magnesium-based reagents are currently the most popular. Although many researchers have studied CaC 2 desulfurization [8] , there is still a need to better understand this mechanism of desulfurization.
Powder, in dense phase, is pneumatically transported and injected into the liquid metal through a submerged lance; a jet is created at the outlet of the lance that penetrates into the melt until its momentum is dissipated. In such systems gas bubbles rising through the liquid enhance mixing, promote chemical reactions, and minimize temperature and chemical inhomogeneities in the melt. Also, the stirring caused in the injection process improves the top-slag desulfurization. The bubbles forming in the liquid rise upward due to buoyancy, and the kinetic energy at the nozzle exits. A number of complex phenomena take place during the injection process which require an investigation of the kinetics, thermodynamics, transport processes, and overall process dynamics to predict the dynamic removal of sulfur from hot metal [9] .
The mechanism of desulphurization with calcium carbide was first studied by Talballa et al. [10] ; according to their results, calcium carbide, which is solid at the temperature of liquid iron (1350 • C), partially dissociates into calcium vapor and a layer of graphite. This calcium vapor then reacts with sulfur dissolved in iron to form a layer of calcium sulphide along with the graphite layer. The layers of graphite and 2 Advances in Materials Science and Engineering calcium sulphide progressively thicken to form a barrier to calcium diffusion vapor which slows the rate. The reaction between calcium carbide and the sulfur dissolved in the hot metal is shown in CaC 2 + S = CaS + 2C
(1)
Chiang and Irons [11] showed that the reaction was controlled by the diffusion of sulfur through the particle boundary layer, rather than the diffusion of calcium vapour in the product layer. Their experimental results confirmed that the reaction could be described as a first-order, diffusioncontrolled reaction. In a further work, Irons [12] examined mixing as a possible controlling step in the desulphurization process. He concluded that mixing was always fast enough not to be rate controlling. Consequently, the reaction is controlled by diffusion through the boundary layers around the particles.
In this paper, a mathematical model is developed to obtain design guidelines and to predict the influence of the main parameters on the desulphurization efficiency of the process that will be of great help for plant engineers to improve and optimize the desulphurization with calcium carbide.
Materials and Methods
One approach to predicting the mechanism of desulfurization is to use a dimensional model, which could be dynamically updated. The model takes into account the kinetics, thermodynamics, and transport processes to predict the sulfur levels in the hot metal. A sensitivity analysis is performed to aid in the optimal selection of operating parameters. The model results allow the selection of operating conditions to minimize the processing time for desulphurization.
Cylindrical Coordinates Model.
As our first step toward developing an appropriate mathematical model for such injection phenomena, it was decided to consider the case of axisymmetric gas injection into cylindrical ladle. Then, in cylindrical coordinates, the governing differential equation can be written as follows:
The cylindrical model has been proposed based on the following assumptions and considerations.
(1) The reaction is described as a first-order, diffusioncontrolled reaction.
(2) There is no variation of flow properties in the θ and z directions.
(3) The bubble rising is described by the radial velocity V r .
(4) Parameters D AB (diffusion coefficient) and k (kinetics coefficient) are temperature dependant as shown in
Initial and boundary conditions are presented in
Spherical Coordinates Model.
In order to evaluate the effect of the reactor shape, it was decided to consider the case of axisymmetric gas injection into spherical ladle. Then, in spherical coordinates, the governing differential equation is
The spherical model has been proposed based on the previous considerations.
Finite Difference Method.
The differential equations were discretized using finite difference method for both cylindrical (7) and spherical (8) models:
The designed mesh system consists of 51 nodes for time intervals of 1 second. The group of differential equations can be solved using a fourth-order Runge-Kutta method under the initial conditions.
Main Parameters.
A cylindrical vessel of 15.7 m 3 and a spherical vessel of 12.6 m 3 were considered. The vessel contained molten iron, at 1300-1500 • C. A stream of gas was injected vertically through an annular nozzle located centrally at the middle of the tank. The gas was injected with a uniform velocity of 100 m/s. The flow was assumed to be axisymmetric. Computations were performed in transient mode. A mesh system of 51 nodes was used (Table 1) . After preliminary calculations, this mesh system was found to be a good compromise between the computational accuracy and cost. The main operation parameters are shown in Table 2 . practically the same incubation period. The process reaches almost equilibrium at the end of injection.
Model Predictions and Discussion

Comparative Analysis with Industrial Data
. Numerical model was also tested using experimental data reported by other investigators. Enríquez et al. [13] showed that an adequate control of harmful elements in steel fabrication is only reached by sulfur levels under 0.005 and it is feasible in the practice to achieve sulfur levels of 0.001. Rellermeyer et al. [14] implemented a treatment series that indicates initial sulfur level between 0.02 and 0.06 and final sulfur level between 0.005 and 0.01.
Freissmuth et al. [15] showed a sulfur profile with initial values between 0.01 and 0.04 and final values between 0.007 and 0.01 with a process duration of 8 and 14 minutes.
Meichner et al. [16] found initial sulfur levels between 0.01 and 0.03 and final sulfur levels between 0.002 and 0.008 in a time of approximately 10 minutes.
Figueroa [17] found sulfur elimination percents between 37 and 68% with process duration of around 10 minutes.
The proposed model reaches an elimination percent of 40% with an initial sulfur concentration of 0.01 and a final sulfur concentration of 0.005. The efficient process duration is around 13 minutes. One can see from the industrial data that the model prediction agrees fairly well with the practical results. The industrial data shows that for the process of desulphurization using CaC 2 it is possible to obtain approximately a 49.69% of sulfur elimination in a time range of 10-25 minutes. The temperatures in both cases are around 1400
• C and the elimination profiles are very alike.
Conclusions
Based on the analyses of thermodynamics and kinetics, a mathematical model has been developed, particularly with the three basic parameters being taken into account, to simulate the variation of sulfur in hot metal with time. Model verification and simulation analyses were carried out, arriving at the following main conclusions. Spatial coordinate discretization.
